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Introduction

Mid-infrared (3-25 pm) semiconductor sources and detectors are essential for thermal
imaging, atmospheric communications, chemical spectroscopy, night vision, space based infrared
imaging, thermography for electrical and mechanical fault detection and environmental and
chemical process monitoring. Currently used MIR sources and detectors are based on low
bandgap materials like the lead salts, HgCdTe and antimonides, which are difficult to grow and
process. Quantum well infrared photodetectors (QWIPs) and the quantum cascade laser are
recently demonstrated devices that rely on intersubband transitions in quantum wells. However,
due to the large dark current in QWIPs and the poor radiative efficiency in the quantum cascade
lasers, these devices are still limited to operation at cryogenic temperatures.

Quantum dot detectors are expected to demonstrate good performance at elevated
temperatures, due to their favorable carrier dynamics. The theoretically obtained dark current in
quantum dot detectors is much lower compared to the dark current in QWIPs, primarily due to
the large intersubband relaxation time in the dots. The large intersubband relaxation time also
ensures the easy achievement of population inversion between the electronic excited states and
the ground state in the conduction band of the dot, thus invoking the possibility of obtaining
intersubband emission from the dots.

Statement of Problem Studied

In this project, researchers at the University of Michigan have investigated the possibility
of using intersubband transitions in quantum dots to realize mid-infrared sources and detectors
(A=3-20um). The unique carrier dynamics that existed in this quasi-zero dimensional system
were also studied.

Summary of Important Results

In the first part of the work, the growth of self-assembled quantum dots was optimized
to obtain high quality dots with narrow photoluminescence linewidths. The carrier dynamics in
these dots were measured by performing high frequency electrical impedance measurements on
quantum dot lasers. The long relaxation times that were obtained by this measurement were
corroborated by differential transmission spectroscopy (DTS) measurements performed in Prof.
Ted Norris’s group at the Center for Ultrafast Optics. At the University of Michigan, we have
established that carrier relaxation times in these dots are favorable for high-temperature
operation of the intersubband devices. In the final phase of the project, intersubband sources and
detectors were designed, grown, fabricated and characterized. Intersubband spontaneous and
stimulated emission was observed for the first time in self assembled quantum dots. Normal
incidence InAs/GaAs mid infrared (A= 4um) quantum dot detectors with the highest detectivity
(D*=3x10° cmHz">/W,T=100K), lowest dark current (L= 165 pA, V=01V, T=100K) and
highest operating temperature (T=150K) were reported.




The main accomplishments of the project are summarized here:

e First Observation of Intersubband Spontaneous Emission (A=13um) from
Quantum Dots

- Far infrared (FIR) spontaneous emission at 300K and lower temperatures, due to
intersubband transitions in self-organized Ing 4Gay¢As/GaAs quantum dots, were characterized.
Measurements were made with a multi-dot layer near-infrared (~1 wm) interband laser. The FIR
signal, centered at 12 um, was enhanced after the interband transition reached threshold

suggesting that the FIR emission is due to intersubband transitions and not due to blackbody
heating of the devices.

o First Demonstration of Stimulated Emission and Intersubband Gain in
Quantum Dots

A plasmon enhanced waveguide was designed, grown and fabricated to confine the long
wavelength far infrared (A =13 pm) mode. Intersubband gain as high as 250 cm™ was calculated

for the intersubband transition in self-organized Ing4Gay¢As/GaAs quantum dots using a two-
photon rate equation model. The devices demonstrated intersubband gain and dominant stimulated
emission with a distinct threshold behavior, inspite of the very small confinement factor

(I'=3.7x10"*). The FIR emission is predominantly TE polarized in accordance with the results
obtained using an 8 band k.p model.

* Demonstration of Normal Incidence Vertical InAs/GaAs Mid-Infrared (A=4pm)

Quantum Dot Detectors with High Detectivity, Low Dark Current and High
Temperature Operation

Current blocking AlGaAs layers were symmetrically and asymmetrically placed in a 10-
layer InAs/GaAs quantum dot detector and the heterostructure was optimized for high
temperature performance. The best results were obtained with an asymmetrically placed single
Aly3Gay;As/GaAs barrier. Using this design, normal incidence detectors operating between 3.5-
5um were fabricated with the highest detectivity (D*=3x10° cmHz"?/W,T=100K), lowest dark
current (I;= 1.65 pA, V,=0.1V, T=100K) and highest operating temperature (T=150K) in
vertical quantum dot detectors.

¢ Demonstration of High Temperature Operation of Modulation Doped Lateral
InAs/GaAs Quantum Dot Detectors




Modulation doped lateral InAs/GaAs quantum dot detectors with interdigitated contacts
were grown, fabricated and characterized for mid infrared detection at T=78K and T=100K. Due
to the small lateral interdot tunneling, the dark current in these devices was very low and at
T=100K, Iysx =0.027 nA for Vy,= 0.5 V. The peak of the spectral response curve was at A=
5.05 wm with AMA=0.45. At T=78K, the peak detectivity, D* = 2.4 x10°® cmHz"*/W, and peak
responsivity, R,= 9.9 mA/W with a photoconductive gain, g = 8.7 and quantum efficiency equal
to 0.25% for V= -4V. These measurements were done in collaboration with Dr. S. Kennerly at
the Army Research Laboratory.

e Narrow Linewidth Quantum Dots for Multi-spectral and Hyperspectral Detectors

The molecular beam epitaxial growth of self-organized IngsGageAs dots on buried
InGaAlAs/GaAs stressor dots has been characterized by photoluminescence measurements and
cross-sectional transmission electron microscopy. The presence of the stressor dots enhances the
growth rate and spatial uniformity of the Ing4GageAs dots. The incorporation of Al in the
stressor dots not only provides a strain field, but also enables selective radiative recombination in
the active dots. A low photoluminescence linewidth of 19 meV, almost invariant in the
temperature range of 7-100K was measured in a heterostructure with an optimal number of
stressor and active dot layers.

Technology Transfer/Initiatives

The group working on far infrared detectors at Rockwell have been interested in our
results and some of our samples were sent to them.

Report of Inventions
None.
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Abstract:

While interband transitions in quantum dots have been extensively investigated for long
wavelength (1.3 pm and 1.55 pm) optical communications, intersubband transitions between the
electronic levels formed in the conduction band of the quantum dot have not been widely
researched. Since the intersubband energy spacing lies in the mid-infrared (3-20 pm) range, these
transitions can be used for fabricating mid-infrared sources and detectors, which are in great need
for applications such as space based infrared imaging, thermal imaging, night vision,
thermography for electrical and mechanical fault detection, FTIR spectroscopy and

environmental and chemical process monitoring. In this project, intersubband transitions in self-
organized In(Ga)As/GaAs quantum dots were investigated and mid-infrared sources and detectors

were fabricated. Spontaneous and stimulated emission centered at 13 pm, was observed for the
first time. We have also fabricated normal incidence quantum dot detectors (A,~4um) with very
low dark current (Igs= 1.7 pA for Vpis= 0.1 V, T=100K), high detectivity (D* = 3 x10°
cmHz"%/W, T=100K), and peak responsivity, R,= 2 mA/W (T=100K) with a photoconductive
gain, g = 18 (V,=0.3V, T=100K) with the highest operating temperature (150K) for any normal
incidence vertical quantum dot detector.




